Air contents of concrete are necessary for concrete durability in freeze-thaw exposure. According to the Finnish concrete code, the target value for air content varies between 4% and 5.5% for XF -exposure classes. Lately in Finland, some cases showed an elevation of air contents up to 15% in fresh air-entrained concrete at construction site and in drilled concrete samples.
INTRODUCTION
In Finland, elevated air contents have been reported in air entrained concrete. The highest air contents determined from samples drilled from structures have exceeded 15% and significant deficiencies in compressive strength of the concrete have been reported. Some indications of elevated air contents have been seen during the last years, for example the railroad bridge in Kemijärvi [1] and the Turku University Hospital [2] . Concrete composition and consistency have been noticed to affect the air entrainment [3] . In addition, one critical factor could be the use of combination of air entraining agent (AEA) and the third generation polycarboxylate ether (PCE)-based superplasticizers admixtures.
First-generation lignosulfonate-based superplasticizers (derived from the production of papermaking from wood) were air-entraining water-reducing agents. It was followed by the secondgeneration (early high-range) superplasticizers were derived from petroleum feed stocks: sulfonated naphthalene or melamine condensates with formaldehyde. The incorporation of second-generation superplasticizer lowers the viscosity of the fresh concrete mixture, thus facilitating the escape of air from it. Typically, 1% to 3% of the air is lost due to the addition of the admixture [4] . Third-generation Superplasticizers are polycarboxylates ethers (PCE), which are copolymers synthesized from carefully selected monomers.
Lazniewska (2009) reported that the air content in the presence of PCE superplasticizer increases with water to cement ratio as a sequence of the reduction of surface tension between the liquid and solid component of the paste [5] . It is complex to conclude what and how the chemical admixtures affect the air entrainment. Most organic chemical admixtures like PCE superplasticizer can increase the air entrainment since they can partly reduce the absorbed AEA molecules on the solid surface by competing with them. Other admixtures like retards, accelerators, etc., have minor effect on the air entrainment [3] .
The action of the first and second-generation superplasticizers is based on electrostatic repulsion. The mechanism of those superplasticizers and air-entraining agent (AEA) working in the same cement paste is shown in Figure 1 . With the present of SP, the air content tends to be reduced. The negative charged cement particles, given by the adsorption of SP molecules, prevent or lower the adsorption of AEA molecules. As a result, there is less space for air bubbles to be entrained. Also, the negative charge keeps cement particles and air bubbles dispersing from each other and then reduces the friction of the mix [7] and [8] . [7] and [8] .
The action of the polycarboxylate ethers (PCE) based superplasticizer cause a spatial (steric hindrance) separation of the cement particles, as shown in Figure 2 . PCEs plasticizers have specific number of side chains that are distributed along a main chain. The carboxylate groups interact with the surface of the cement grain, which leads to polymer adsorption and a steric repulsion is considered as a potential mechanism of cement grains dispersion. [5] , [6] and [7] . Eickschen and Müller [9] investigated the action mechanisms occurring during the production of air-entrained concrete with plasticizers. Ten concretes (cement content 320 kg/m³, w/c ratio 0.50, air content of 5.5 ± 0.5% and a consistency class F4) were produced in order to investigate the action mechanisms of air void formation in fresh and hardened concrete in relation to the combination of the air-entraining agent/plasticizer/cement starting materials. The concretes were produced with CEM I 42.5 N and CEM III/A 42.5 N-LH/NA cements (see Table 1 ) in combination with the following admixtures:
 Two types of air-entraining agents: (i) modified wood resin and (ii) synthetic tenside 1  Three types of plasticizer: (i) pre-cast element, (ii) ready-mixed concrete PCE superplasticizer and (iii) plasticizer based on melamine sulfonate. The influence of the plasticizer on the air content of concrete with CEM I and CEM III binders is shown in Figure 3 . Eickschen and Müller [9] concluded that the increase in air content was substantially greater than with the natural air-entraining agent. The increase in air content was more strongly marked when using the PCE-based plasticizers than with the conventional plasticizers (melamine sulfonate). Combinations with the synthetic air-entraining agent and a PCE-based plasticizer exhibited a greater range of fluctuation in air content than combinations with natural air-entraining agents and conventional plasticizers. Based on the recent Finnish cases of Kemijärvi [1] and [2] , the air content may elevate after mixing and causes strength problems. The aim of the study was to investigate and secure the stability of the protective pore system in air entrained concrete and thereby reduce the risk for elevated air contents in concrete structures.
The authors believe that the air content potential phenomenon is the reason for the elevated air content. It is explained by the maximum potential air content which depends on the admixture combination, concrete composition and the consistency of concrete. It is possible that only part of the entrained air is formed during the normal mixing process, especially when the mixing time is short, and more air is formed in the concrete truck mixers. A relative effective mixing process is needed to achieve the air content potential during the mixing process.
The risk for elevated air contents can be reduced by using longer mixing time. Then also the dosage of air-entraining agents can be reduced. 
MATERIALS AND METHODS
The aim of the investigation was to clarify the factors affecting the stability of the air entrainment in fresh content. The factors investigated were (i) the concrete composition and (ii) combination of different superplasticizers and air-entraining agents.
To carry out the investigation, concrete mixtures with different types of AEAs and PCE-based superplasticizers were prepared and the stability of entrained air was evaluated. The following variables were tested:
i. Concrete composition factors: air content of concrete, consistency of concrete and mixing time. ii.
Chemical admixture (SP + AEA) combinations from seven different admixture producers were investigated. All the superplasticizers tested were polycarboxylate ethers.
Effects of the above-mentioned variables on the air content of concrete at different times after mixing were analyzed. The air content was measured immediately after mixing, 30 minutes and 60 minutes after mixing. In addition, after 60 minutes superplasticizer was added to compensate the workability loss and air content were measured after 75 minutes after mixing. Also, the density variation of the concrete was monitored [10] .
The laboratory investigations were carried out with a typical concrete composition for structural concrete. The properties of the investigated concrete were:
• Compressive strength class: C35/45-P50 (P-factor is a value used to evaluate the freeze-thaw resistance in the Finnish codes and standards) [11] . Totally seven different SP and AEA admixture combinations were tested. The properties of the PCE superplasticizers used in the tests are presented in Table 1 . The concrete mix design is presented in Table 2 . The aggregates used in these tests were granitic gravel, which were washed, dried and graded by sieving. The grading curve of the combined aggregate is presented in Figure 5 . The properties determined on fresh concrete were air content, density, temperature and consistency. Air-content of concrete was measured by the following methods: (i) pressure method according to the European standard SFS-EN 12350-7 [12] and (ii) Calculated from the fresh concrete unit weight. The air content of fresh concrete was calculated according to the ASTM C 138 -standard [13] .
where: A = the air content in the concrete, (%) D = the density (unit weight) of concrete, (kg/m³) T = the theoretical density of the concrete computed on air free bases, (kg/m³)
where: M = the mass of all materials batched -sum of the masses of the cement, the aggregates, the mixing water and the chemical admixtures, (kg). V = the absolute volume of the component ingredients in the batch, (m³) At = the target air content of the batch, (m³) Based on Equations (1) and (2), the air content is calculated as follow:
The workability of concrete was tested using two standards: (i) SFS-EN 12350-2 [14] and (ii) SFS-EN 12350-5 [15] . The measurements of fresh concrete properties took place immediately after the concrete had been mixed, after 30 minutes, after 60 minutes and after 75 minutes. The workability of concretes as function of time is presented in Table 4 . The following hardened concrete tests were performed: (i) 28 d compressive strength tests on three cubes (100 ×100×100 mm³) cast immediately after concrete mixing and three cubes cast after 75 minutes of mixing and addition of extra dosage of superplasticizer and (ii) segregation sensitivity of concrete presented by the air content and paste content difference between bottom and top parts of 150 mm diameter concrete cylinder with height of about 270-300 mm, presented in Figure 6 . Figure 6 -Example of the specimens used for sensitivity of concrete for segregation test. The same mass of concrete results different heights for the test specimens, which indicates different air contents.
EXPERIMENTAL RESULTS AND DISCUSSION
The mixing procedure of the concrete the following steps (i) dry mixing of cement and aggregates for 30 seconds, (ii) addition of 80% of the water content, (iii) after 30 seconds, addition of 10% of the water content and the AEA, (iii) after another 30 seconds, addition of 10% of the water content and the superplasticizer and continue mixing for 1 minute. The air content of fresh concretes with different chemical admixtures was measured immediately after mixing, at 30 minutes, at 60 minutes and 75 minutes after mixing. An extra dosage of superplasticizers was added and concrete was mixed for 2 min before measuring the air content at 75 minutes. The calculated air contents of all the test concretes are presented in Figure 7 , Figure 8 , Table 5 and Table 6 . Table 5 -Air content and air content -elevation for S3 consistency class concretes. The results show that the elevation of the air content of fresh concrete depends on the consistency of the concrete and on the type of superplasticizer used. The air content-elevation was higher for the consistency class F5 concretes where the workability loss after 30 and 60 minutes was lower as presented in Table 4 , except for the combination of A and B superplasticizer the air content decreases at 30 and 60 minutes after mixing. The elevation of air content in the consistency class S3 concrete was not significant as the consistency class F5 concretes. As shown in Figure 9 , the consistency class plays an important role, S3 class concrete showed smaller air content elevation for some combination of AEA and superplasticizers compared to F5 class concrete. The test results indicated that the air content increases after initial mixing. A relatively high superplasticizer dosage (1.2% from weight of cement) was used. With lower dosages, the increase will probably be smaller. The consistency was determined immediately after mixing, whereas in practical applications the consistency of concrete is generally determined on construction site, it means some 15…60 min after the initial mixing. Therefore, the consistency immediately after mixing was lower compared to that found typically in the industry.
Concrete code Air content, (%)
The admixtures dosages varied to some extent. It could be assumed that higher admixture dosages increase risk for the elevated air content. The effects of superplasticizers dosages on the increase of air content of concrete are presented in Figure 10 . The slightly different admixture dosages used in the study did not explain the increase of air content. However, if admixture dosages would vary on the lager range, the situation could be different. The sensitivity of segregation investigation were carried out on the hardened specimens that were cast immediately after mixing. The sensitivity of segregation was analyzed by comparing the densities of the bottom and top part of the cylindrical test specimens, shown in Figure 11 . 11 kg of fresh concrete was poured inside a 150mm diameter and a 300mm high cylindrical steel moulds and immediately vibration was applied using vibrating table for 30 seconds. The density differences between different parts of the hardened concrete cylinder are shown in Figure 11 .
The results of the effects of air content increment on the segregation sensitivity of concrete show a slight correlation between the increase of air content and the density difference can be observed for the using of the chemical admixture combination A and G, otherwise the effect was not significant. With admixture combination A and G, a difference of about 100 kg/m³ was exceeded, but other admixture combinations gave only very small difference. The results also show that the S3 consistency class concrete showed smaller segregation sensitivity compared to F5 class concrete for most types of admixtures. Figure 12 -The effects of air content increment of the density difference between the top and bottom parts of concrete specimens that were cast immediately after mixing and compacted for 30 sec.
As shown in Figure 12 , the density difference appears to correlate with the increase of the air content after mixing. The correlation is not strong, but in most cases, the same admixtures gave both high increase of air content and high-density difference.
The effect of the mixing time on the air content of concrete with different chemical admixture combinations is presented in Table 7 . The results show that 2 minute mixing time (which simulate the concrete industry practices) gives lower air content than 5 minute mixing time immediately after mixing. While, the air contents for both mixing times measured at 60 minutes after mixing were close to each other, except for the G admixture combination. The results indicate that short mixing time would not be enough to achieve total effectivity of AEA, especially for higher consistency classes concrete.
